In the present study, we describe the effects of perivascular microapplication of the potent vasoconstric tor peptide endothelin-l (Et-l ; (120 pmol in 3 f-Ll), deliv ered via a guide cannula stereotaxically positioned above the left cerebral artery (MeA) of the conscious male Sprague-Dawley rat. Ten minutes after the administra tion of Et-l, mean arterial blood pressure had increased by 20% and profound reductions in local cerebral blood flow (up to 93%) were observed within those brain areas supplied by the MeA. In addition, significant increases in local cerebral blood flow were observed within the globus
Summary: In the present study, we describe the effects of perivascular microapplication of the potent vasoconstric tor peptide endothelin-l (Et-l ; (120 pmol in 3 f-Ll), deliv ered via a guide cannula stereotaxically positioned above the left cerebral artery (MeA) of the conscious male Sprague-Dawley rat. Ten minutes after the administra tion of Et-l, mean arterial blood pressure had increased by 20% and profound reductions in local cerebral blood flow (up to 93%) were observed within those brain areas supplied by the MeA. In addition, significant increases in local cerebral blood flow were observed within the globus Endothelin-l (Et-1) has been claimed as the most potent pressor substance so far discovered (Vane, 1989) . Originally isolated from cultured endothelial cells (Yanagisawa et al., 1988) , Et-l exerts powerful and lasting constrictor effects upon vascular smooth muscle in vitro (Yanagisawa et al., 1988; Shigeno et al., 1989; Ogura et al., 1991) and reduces local blood flow to levels that produce focal lesions when injected directly into cerebral tissue in vivo (Fuxe et al. , 1992) . This unique ability of Et-l to reduce cerebral blood flow to pathologically low levels may be of use in studying the pathophysio logical sequelae associated with focal cerebral isch aemia ("stroke").
Of the many animal models of focal cerebral isch aemia available, that produced by occlusion of the rat middle cerebral artery (MeA) (Tamura et al., 1981b) is most widely used, largely on account of its relevance, in terms of both anatomical location and pallidus (100%), substantia nigra pars reticulata (48%), ventrolateral thalamus (65%), and dorsal hippocampus (74%) ipsilateral to the insult. Twenty-four hours follow ing the insult, the pattern of ischaemic damage was sim ilar to that reported previously following permanent oc clusion of the rat MeA. It is suggested that perivascular micro application of Et-l may provide a useful model for the study of the functional disturbances associated with focal cerebral ischaemia in the conscious rat. Key Words: Endothelin-l -Ischaemia-Middle cerebral artery. volume of ischaemic damage, to the clinical situa tion (Molinari and Laurent, 1976; Garcia, 1984; Graham, 1988; Hume-Adams and Graham, 1988) . While the insult produces a large, well-defined area of infarction in neocortex and caudate-putamen ip silateral to the occlusion, which is readily amenable to quantitative volumetric analysis, the model en tails extensive surgical intervention to expose the MeA followed by mechanical clipping or electroco agulation of the vessel (Tamura et al. , 1981a; Os borne et al., 1987) . Subsequent modifications of the Tamura model have adopted similar surgical ap proaches to occlude the MeA by photochemically induced thrombi (Prado et al., 1988) , reversible snare ligature (Shigeno et al., 1985) , or, more re cently, instillation of Et-l directly onto the exposed vessel (Robinson et al., 1990) . In this latter study, reductions in local cerebral blood flow of up to 80% were observed within the lateral striatum and areas of neocortex supplied by the MeA following instil lation of Et-l (1 nmol in 100 fJ-I) directly onto the MeA of halothane-anaesthetised rats (Robinson et al., 1990) . Whilst it is recognised that the rat models of MeA occlusion are useful approximations of fo cal ischaemic infarction in humans (Ginsberg and Busto, 1989) , they do not accurately reflect the clin ical situation. Most notably, the use of general an-aesthesia and artificial ventilation, necessary in the various MCA occlusion models, may interfere with the genesis and maturation of the ischaemic insult (Kurumaji and McCulloch, 1989; McCulloch et aI., 1992) . Indeed, anaesthesia has long been proposed as a potential neuroprotective treatment for stroke (Hossmann, 1982; Graham, 1985) . The presence of anaesthesia may not only result in gross distur bances in cerebral function per se but may also alter, in an unpredictable fashion, the effects of other pharmacological agents upon brain function McCulloch, 1981, 1983) . Such interac tions between anaesthesia and the putative neuro protective agent dizolcilpine (MK-80l) have re cently been described (Kuramaji and McCulloch, 1989) . It would therefore not be surprising if the presence of anaesthesia also altered the neuropro tective properties of this and other potential antiis chaemic agents.
Vasospasm induced by the perivascular microap plication of Et-l may provide a completely novel approach to MCA occlusion that removes the ne cessity for general anaesthesia. Et-l may be applied to the MCA using intracerebral injection techniques in conscious animals by means of standard proce dures that are already used in cerebrovascular re search (Tuor et aI., 1990a,b; Sharkey et aI., 1991) . The novelty in the approach adopted here is in the targeting of cerebral vessels rather than discrete neuronal populations as the site of injection.
METHODS

Animal preparation
Studies were performed on 16 adult male Sprague Dawley rats (300--350 g; Charles River). Animals were anaesthetised with Hypnorm (fentanyl citrate, 0.2 mg/kg; fluanisone, 6.75 mg/kg; Janssen, U.K.) and Hypnovel (midazolam, 3.4 mg/kg; Roche, U.K.) prior to the stereo taxic placement of a 26-gauge guide cannula (Raymond Lister, Herndon, VA, U.S.A.) into the piriform cortex 1 mm dorsal to the MCA [0.2 mm anterior and 5.9 mm lateral to bregma and 7.0 mm below the dura (Paxinos and Watson, 1986)]. The cannula was secured to the skull by dental acrylate cement and the scalp was sutured closed. A 3 I-gauge dummy cannula inserted into the lumen main tained the patency of the guide cannula. The animal was returned to its cage and allowed to recover for at least 7 days.
Measurement of local cerebral blood flow
Approximately 1 week after implantation of the guide cannulae, the rats were divided into two groups. The first group of rats (n = 8) was anaesthetised with halothane in nitrous oxide and oxygen (70:30 vol/vol), and polyethyl ene cannulae were inserted into both femoral arteries (for the subsequent sampling of arterial blood and monitoring of blood pressure) and veins (for the intravenous admin istration of radiolabelled tracer). The incision sites were J Cereb Blood Flow Metab, Vol. 13, No.5, 1993 infiltrated with a local anaesthetic gel (xylocaine, 2%) and sutured closed. A loosely fitting plaster cast was applied around the pelvis and lower abdomen and taped to a block. With rats thus restrained and supported, the an aesthesia was discontinued and the rats were allowed to recover for at least 2 h before any subsequent procedures were initiated. Arterial blood pressure and rectal temper ature were monitored throughout the recovery and sub sequent measurement periods.
Animals received Et-l (120 pmol dissolved in 3 ILl of saline) via a 31-gauge needle that protruded into the pir iform cortex 1 mm below the tip of the guide cannula, 10 min prior to the determination of local cerebral blood flow using the fully quantitative autoradiographic method of Sakurada et al. (1978) . Briefly, [14C]iodoantipyrine tracer (4.62 MBq/kg in 0.5 ml of saline) was infused via the femoral venous cannula at a rate that increased linearly over the 40-s measurement period. During this time, 14-18 timed samples of arterial blood were collected from a free-flowing arterial cannula onto preweighed filter paper discs. At the end of the infusion period, the animals were killed by decapitation, and the brain was excised, frozen in 2-methylbutane ( -4SOC) , and stored at -70°C prior to cryostat sectioning. The filter paper discs were reweighed to determine the sample volume, and the 14C concentra tion for each sample was assayed by liquid scintillation spectrometry.
Frozen brains were sectioned (20 ILm) in the coronal plane, with 3 in every 10 sections taken for autoradiogra phy. Autoradiographs were prepared by applying the sec tions, together with a series of precalibrated 14C stan dards (40--1,069 nCi/g tissue equivalents; Amersham In ternational, U.K.), to x-ray film for 10 days in a light-tight cassette.
Analysis was performed using a computer-based image analysis system (Quantimet-970; Cambridge Instru ments). Optical density values corresponding to blood flows of 15, 25, and 35 ml 100 g -1 min -1 were calculated according to the Sakurada method (1978) and entered into the image analyzer. Quantitation of the volume of oli gaemia was performed by computer-assisted planimetry on three autoradiographs taken at 12 brain levels span ning the anteroposterior extent of the insult using a rou tine developed by Cogitan U.K. Sections taken at each level were digitized and the area of hemisphere exhibiting blood flow levels below each of these preset thresholds calculated. The volume of tissue exhibiting blood flow levels below each of these ischaemic thresholds was cal culated by integrating the area of ischaemia at each of the 12 levels examined and the distances between them.
In addition to the volumetric analysis, local blood flow was measured in 20 anatomically discrete brain regions within these animals. For each structure examined, mea surements of optical density, both ipsilateral and contra lateral to the injection site, were performed on at least six brain sections. Local blood flow values were subse quently calculated by means of the equation described by Sakurada et al. (1978) .
Histological analysis
The second group of rats received either Et-l (120 pmol over 1 min; n = 4) or saline vehicle (3 ILl; n = 4), via a 31-gauge needle that protruded 1 mm below the tip of the guide cannula. The cannula was left in situ for a further 5 min before the rat was returned to its cage. Animals were killed 24 h after injection and the brains were removed intact, frozen in isopentane (-42°C), then sectioned as described above. Brain sections were postfixed in 10% formol saline prior to staining with haematoxylin and eosin.
RESULTS
Behaviour and physiological variables
Perivascular microapplication of Et-I had little immediate effect on animal behaviour in seven of the eight rats used for the blood flow studies. How ever, within 5 min of injection, these animals exhib ited a postural predisposition towards the side con tralateral to the injection, with extension of the con tralateral forelimb and little response to auditory or tactile stimuli. These responses were accompanied by a significant elevation in mean arterial blood pressure that peaked 3-5 min post injection (Table  1) . Despite the hypertension and marked behav ioural changes elicited by Et-I, the animals exhib ited few signs of stress; no vocalisation occurred, and physiological parameters that are sensitive to stress (e.g., plasma glucose levels and arterial blood gases) were not significantly altered. In one animal, however, the placement of the injection needle was associated with a rapid loss of consciousness and bleeding from the guide cannula due to the punctur ing of the MeA. This rat was immediately killed by intravenous barbiturate overdose and excluded from the series. MABP and arterial blood gas and plasma glucose values were measured immediately prior to and 10 min following the microap plication of endothelin-I (120 pmol in 3 ILl). Data are presented as means ± SD for seven rats. FIG. 1. Hemispheric surface area at 12 coronal levels of the conscious rat brain exhibiting local cerebral blood flows ( ICBF) of <25 ml 100 g-1 min-1 following the perivascular microapplication of endothelin-1 around the middle cerebral artery. Ipsilateral to the injection, 27% of the hemisphere ex hibited flows of <25 ml100 g-1 min-1. In contrast, flows of <25 ml 100 g -1 min -1 were not detectable contralateral to the injection.
2), with profound reductions (up to 93%) in local blood flow occurring within those brain areas lying within the distribution area of the MeA (Table 2) . These reductions were most marked within the so matosensory cortex ( -93%), insular cortex ( -88%), and lateral portion of the caudate nucleus ( -91 %), ipsilateral to the site of injection. In addition, there was evidence of focal increases in local blood flow in areas surrounding the ischaemic core, in hippo campus (+ 74%), and in components of the basal ganglia [globus pallidus ( + 100%), substantia nigra ( + 48%), and ventrolateral thalamus ( + 65%)], ipsi lateral to the injection (Fig. 2 ; Table 2 ).
Histopathology
Twenty-four hours after the infusion of Et-I, the borders of the infarct were sharply defined on hae matoxylin and eosin-stained sections. At their most rostral extent (2.7 mm anterior to bregma), brains consistently exhibited necrosis in the lateral parts of the frontal cortex, extending through the parietal and into the insular cortex ( Fig. 3) . At the level of the nucleus accumbens, the pattern of cortical ne crosis was similar, but in addition there was evi dence of infarct within the dorsal and lateral cau date-putamen, although the exact location and ex tent of the infarct within the striatum appeared to vary from animal to animal. More caudally, the ex tent of the infarct was more variable but could be traced through the temporal cortex, at the level of the medial geniculates, to the occipital cortex at the level of the inferior colliculi. In contrast, tissue damage was associated with the tract of the cannula in the saline-treated group.
DISCUSSION
Occlusion of the MeA proximal to its lenticulo striate branches is thought to be equivalent, at least in terms of volume of ischaemic damage produced, to that found in a large cerebral infarct in humans (Waltz, 1979) . In an attempt to gain further insight J Cereb Blood Flow Metab, Vol. 13, No.5, 1993 into the pathophysiology of stroke, MeA occlusion models have been developed in a variety of species (Harvey and Rasmussen, 1951; Hudgins and Gar cia, 1970; O'Brien and Waltz, 1973; Ginsberg and Busto, 1989) . At present, the most commonly used model of focal cerebral ischaemia is that of Tamura et al. (l981a,b) , which involves the permanent oc clusion of the MeA in the anaesthetised rat. In re cent years this model and subsequent modifications have been extensively used for the evaluation of a variety of potential neuroprotective agents (Gotoh et aI. , 1986; Germano et aI. , 1987; Gotti et aI. , 1988; Park et aI. , 1988a, b; Kent et aI. , 1989; Roman et ai. , 1989) . However, in common with other stroke mod els, the MCA occlusion model has major limitations that may serve to confound any evaluation of the neuroprotective efficacy of putative neuroprotec tive agents. The major limitation of the model as originally described, and, indeed, of its many subsequent modifications, is in the extent and severity of sur gical intervention required to locate and occlude the rat MCA, procedures that necessitate the use of general anaesthesia. General anaesthesia itself has profound effects upon cerebral function (Grome and McCulloch, 1981; Savaki et aI., 1983) and, more importantly, upon the maturation of ischaemic brain damage (Hossmann, 1982) . Indeed, anaesthe sia per se has been proposed for the clinical treat ment of stroke (see Graham, 1985, for review) . Moreover, anaesthetics have been shown to inter act with pharmacological agents, including potential neuroprotective agents such as MK-801, in an un predictable manner (Grome and McCulloch, 1981, 1983; Kurumajii and McCulloch, 1989; Roussel et aI. , 1992) . Consequently, it would be impossible to predict accurately the functional and neuroprotec tive effects of potential therapeutic agents from studies performed in anaesthetised animals. The problems associated with anaesthesia have long been recognised, and models that allow the animal to recover from anaesthesia shortly after MCA oc clusion have been developed (Nagasawa and Kogure, 1989; Buc; han et aI. , 1992) . However, pre vious attempts to produce focal cerebral ischaemia in conscious animals have proven to be too compli cated for routine use (Jones et aI., 1981) . The se verity of the surgical intervention required to ex pose the MCA may also serve to complicate studies on the long-term effects of MCA occlusion. In such studies, damage to the overlying temporalis muscle invariably occurs, which results in feeding difficul ties for surviving rats, weight loss, and deteriora tion in general physical condition.
The model described in the present study offers a number of advantages over existing models of focal cerebral ischaemia and may provide a more rele vant model for the evaluation of neuroprotective agents. The surgical procedures involved in the present model are less intrusive than those associ ated with the sub temporal craniectomy approach, requiring only an incision through the dorsal scalp, simple craniotomy, and stereotaxic positioning of the guide cannula. This simpler approach offers two main benefits. First, the animals exhibit no postop erative eating problems and recover their preoper ative weight within a few days. Second, by use of pre implanted guide cannulae, the trauma associated with surgical intervention can be temporally sepa rated from that associated with the ischaemic insult. It should be emphasised that whilst the microinjec tion of Et-l results in profound disturbances in ce rebral perfusion and marked changes in behaviour, the animals exhibited few overt signs of stress, and physiological indices of stress such as arterial blood gases and plasma glucose levels are not significantly altered by the insult.
Another advantage of the present model is that the infusion of Et-l can readily be performed in conscious animals, thus obviating the confounding effects of anaesthesia on both the maturation of the ischaemic insult and the efficacy of a potential ther apeutic agent. The applicability of such a model for screening potential neuroprotective agents is mani fest. However, in doing so, the possibility of there being a direct interaction between the neuroprotec tive agent and the Et-l receptor must be addressed. This could readily be achieved by examining the affinity exhibited by candidate drugs for the Et-l receptor using standard radioligand binding assays.
Whilst Et-l has been shown to exhibit potent vas oconstrictor activity on cerebral vessels in vitro (Robinson et aI. , 1990; Ogura et aI. , 1991; Tanoi et aI. , 1992) and to reduce local cerebral blood flow to ischaemic levels when injected directly into brain tissue in vivo (Robinson et aI. , 1990; Fuxe et aI. , 1992) , these effects gradually wear off. Thus, Et-l induced vasospasm may be useful as a model of MeA occlusion with reperfusion. However, in the present studies, no attempt was made to produce a model of occlusion with controlled reperfusion. Preliminary studies would indicate that at the con centrations of Et-l used in the present study, flows of <25 ml 100 g-l min -1 were still evident in stri atum and somatosensory cortex at least 3 h postin jection. Moreover, the pattern of ischaemic damage that we observed in the present study was essen tially similar to that reported following permanent occlusion of the MeA (Tamura et aI., 1981a). Pos sibly, a more reliable reperfusion model could be obtained by using lower doses of Et-l and/or sub sequent administration of a selective Et -1 receptor antagonist.
In a recent study, Robinson and colleagues (1990) described the effects of local cerebral blood flow of subarachnoid instillation of Et-l (1 nmol in 100 j.L1) directly onto the exposed MeA of the halothane anaesthetised rat. Whilst they found a similar pat tern of reduced blood flow within the neocortex and lateral striatum to that observed following MeA oc clusion, these authors reported no evidence of a penumbral area or hyperperfusion within the hippo campus and in those areas of the basal ganglia with J Cereb Blood Flow Metab, Vol. 13, No.5, 1993 major neural connections to the striatum. This lack of a hyperperfusion response is clearly at variance with that observed by 30 min following permanent occlusion of the MeA (Tamura et aI. , 1981b) . The authors suggested that since blood flow was mea sured 10 min after the perivascular application of Et-l, the pattern of hyperperfusion might be a de layed phenomenon and secondary to ischaemic damage. In the present study on conscious rats, we observed an MeA occlusion type of pattern of hy perperfusion as early as 10 min following injection of Et -1. Whether these discrepancies related to dif ferences in the ischaemic process between con scious and anaesthetised animals is unclear. How ever, if the rate of development of a penumbra is related to the state of consciousness, this may have implications for the concept of a therapeutic win dow for stroke treatment in humans.
In summary, we have shown that stereotaxic in jection of Et -1 around the MeA of the conscious rat reduces local cerebral blood flow in areas supplied by the MeA to a pathologically low level that is manifest as ischaemic damage 24 h after injection. This approach permits the study of focal cerebral ischaemia processes in the absence of. the con founding influences of anaesthesia and artificial ventilation.
